In this study, the authors compared the phonological accuracy and patterns of sound change of boys with fragile X syndrome, boys with Down syndrome, and typically developing mental-age-matched boys. Participants were 50 boys with fragile X syndrome, ages 3 to 14 years; 32 boys with Down syndrome, ages 4 to 13 years; and 33 typically developing boys, ages 2 to 6 years, who were matched for nonverbal mental age to both the boys with fragile X syndrome and the boys with Down syndrome. All participants were administered a standardized articulation test, and their sound accuracy, phonological process, and proportion of whole-word proximity scores were analyzed. Although boys with fragile X syndrome were delayed in their speech development, they did not differ from the typically developing, mental-age-matched boys in the percentage of correct early-, middle-, and late-developing consonants; phonological processes; or whole-word proximity scores. Furthermore, boys with fragile X syndrome had fewer errors on early-, middle-, and late-developing consonants; fewer syllable structure processes; and higher whole-word proximity scores than did boys with Down syndrome. Boys with Down syndrome also were delayed in their speech development, yet their phonological inventories, occurrences of phonological processes, and proportion of whole-word proximity scores indicated greater delays in their phonological development than the younger, typically developing boys. These results suggest that males with fragile X syndrome display phonological characteristics in isolated words similar to younger, typically developing children, whereas males with Down syndrome show greater delays as well as some developmental differences compared with both the males with fragile X syndrome and typically developing males.
with Down syndrome, there is a spectrum of speech involvement among affected individuals with either syndrome (Dodd & Thompson, 2001; Kau et al., 2002; Paul, Cohen, Breg, Watson, & Herman, 1984; Paul et al., 1987; Spinelli, Rocha, Giacheti, & RichieriCosta, 1995; Stoel-Gammon, 1997) .
To better define the specific communication phenotype of boys with fragile X syndrome as well as young males with Down syndrome, it is important to compare the speech characteristics among boys with different syndromes who have similar cognitive characteristics and to include a typically developing comparison group. In this study, we compared phonological accuracy and patterns of sound change for boys with fragile X syndrome, boys with Down syndrome, and typically developing mental-age-matched boys. Identifying the speech characteristics of boys with fragile X syndrome and boys with Down syndrome has important implications for speech assessment and interventions for these individuals.
Fragile X syndrome, an X-linked genetic condition, is the most common inherited cause of mental retardation, affecting 1 in every 4,000 individuals (Crawford, Acuna, & Sherman, 2001; Turner, Webb, Wake, & Robinson, 1996) . Fragile X mental retardation protein (FMRP) is produced by the Fragile X Mental Retardation-1 gene and is believed to be essential for normal brain functioning (Devys, Lutz, Rouyer, Bellocq, & Mandel, 1993; Jin & Warren, 2003) . In fragile X syndrome, there is an absence of the FMRP; the resulting lack of FMRP appears to be responsible for physical and developmental characteristics of individuals with fragile X syndrome. Males with fragile X syndrome are more severely affected than females in their development Loesch et al., 2002; Reiss & Dant, 2003) . The range of intellectual functioning in males varies from profound retardation to average intelligence, with the majority showing deficits in the moderate to severe range. In comparison, about two thirds of females have average intelligence, with the remaining females having mental retardation of a mild to moderate degree. Most males show moderate to severe delays in communication skills, whereas the communication skills of females are considerably less affected (Abbeduto & Hagerman, 1997) . In view of this gender difference, we focused in this study only on males.
Descriptions of the speech characteristics of young males with fragile X syndrome are based primarily on data collected from adolescent and adult males with fragile X syndrome and descriptions in the literature of case studies of a few children or studies of a small number of children. Conversational speech is often unintelligible (Paul et al., 1984 (Paul et al., , 1987 Spinelli et al., 1995) ; in one study, however, speech was relatively clear when the participants produced single words (Paul et al., 1984) . Phonological difficulties are common, including consonant substitutions, omissions, and distortions in single words that are characteristic of developmentally younger children and do not represent atypical phonological patterns (Hansen, Jackson, & Hagerman, 1986; Madison, George, & Moeschler, 1986; Newell, Sanborn, & Hagerman, 1983; Palmer, Gordon, Coston, & Stevenson, 1988; Prouty et al., 1988) . Hansen et al. (1986) reported frequent sound substitutions and omissions in ten 3-to 9-year-old boys with fragile X syndrome, whereas Palmer et al. (1988) and Prouty et al. (1988) found developmental errors that were primarily substitutions and a few omissions for fifteen 3-to 23-year-old males. Madison et al. (1986) also reported substitution errors that were within normal limits for a 4-year-old boy. In a study of phonological processes, Paul et al. (1984) reported that three 10-to 14-year-old boys exhibited unstressed syllable deletion, liquid simplification, final consonant deletion, and, occasionally, stopping. These studies provide important background information on the speech development of young males with fragile X syndrome. However, few boys have been studied, and the focus has been on error type. Down syndrome, a genetic disorder in which there is a third Chromosome 21, occurs in 1 in 920 births (Carothers, Hecht, & Hook, 1999 ; ''Down Syndrome Prevalence at Birth. United States, 1983 States, -1990 States, '', 1994 . There is considerable variability in cognitive skills from close to normal intelligence to severely retarded, with 85% of individuals showing moderate retardation in the 40 to 60 IQ range (Prasher & Cunningham, 2001; Roizen, 2005) .
The speech of children with Down syndrome is often difficult to understand (Chapman, Seung, Schwartz, & Kay-Raining Bird, 1998; Dodd & Thompson, 2001; Rosin, Swift, Bless, & Vetter, 1988; StoelGammon, 1997 StoelGammon, , 2001 . Speech errors are common among children with Down syndrome, with delays characteristic of developmentally younger children at a similar language level (Rosin et al., 1988; StoelGammon, 1980 StoelGammon, , 1997 . Specifically, consonant-accuracy error patterns, as well as phonological processes, are similar to the patterns in younger typically developing children (Rosin et al., 1988; Stoel-Gammon, 1980 , 1997 . That is, stops and nasals were reported as being used correctly by children with Down syndrome, whereas fricatives, affricates, glides, and liquids were often in error in two studies of four 3-to 6-year-olds with Down syndrome (Stoel-Gammon, 1980) and three 3-to 4-year-olds with Down syndrome (Bleile & Schwartz, 1984) . Moreover, children with Down syndrome exhibited phonological processes similar to the processes of typically developing children, although the children with Down syndrome eliminated processes at a slower rate (Bleile & Schwartz, 1984; Stoel-Gammon, 1980) . Children with Down syndrome have been reported to exhibit the following: cluster reduction, final consonant deletion, stopping, gliding, prevocalic voicing, vocalization, and final consonant devoicing (Bleile & Schwartz, 1984; Dodd, 1976; Smith & StoelGammon, 1983; Stoel-Gammon, 1980) . Dodd compared ten 6-to 14-year-old children with Down syndrome, ten typically developing 2-to 4-year-olds, and ten 7-to 15-year-olds with severe learning difficulties matched for mental age. The children with Down syndrome produced more phonological processes as well as more different phonological processes not common among the other two groups. In a longitudinal study, Smith and Stoel-Gammon reported that 3-to 6-year-olds with Down syndrome exhibited more errors on consonant stops and stop clusters and that they eliminated these errors at a slower rate over time than typically developing 18-to 36-month-olds. These studies provide very useful information about the speech skills of young males with Down syndrome. The number of children that has been studied is small, however, and few studies have included typically developing comparison samples-making it difficult to determine if the speech development of children with Down syndrome is similar to the speech development of typically developing children.
The purpose of this study was to compare the phonological accuracy and patterns of sound change for boys with fragile X syndrome and boys with Down syndrome. We were interested in examining whether the levels of phonological accuracy and patterns of sound change of boys with fragile X syndrome and boys with Down syndrome were similar. Furthermore, we wanted to know if the phonological patterns of boys with fragile X syndrome and boys with Down syndrome differed from those of typically developing boys.
Method

Study Population
Participants in the study were boys with fragile X syndrome, boys with Down syndrome, and typically developing boys matched on nonverbal mental age. English was the primary language spoken at home for all boys. For both boys with fragile X syndrome and boys with Down syndrome, only boys who were between 3 and 14 years of age and who had at least 40 words and emergent word combinations (mean length of utterance [MLU] greater than 1.1) were eligible to participate. To determine if a child met these criteria of having 40 words and an MLU of greater than 1.1, we used parental report in the initial screening on the phone. When there was a question about whether the child met the vocabulary and utterance criteria, the parent completed the CDI Words and Sentences (Fenson et al., 1991) . Furthermore, as part of a larger speech and language battery, we observed the child during the assessment and verified the vocabulary and MLU criteria by examiner estimate. We excluded boys who had a hearing loss greater than 25 dB HL in the better ear, as measured by pure-tone thresholds for the frequencies 500, 1000, 2000, and 4000 Hz. We also excluded boys who used sign language as a primary communication mode. In addition, males with Down syndrome who had been diagnosed with autistic spectrum disorder were excluded from the study. Typically developing boys were excluded if they were reported to have mental retardation, a developmental disability, autistic spectrum disorder, hearing loss, or speech or language difficulties or if they were receiving speech and language therapy. Any typically developing boy who scored more than 1.5 SDs below the mean on the Leiter International Performance Scale-Revised (Leiter; Roid & Miller, 1997) Brief IQ Composite, a test of nonverbal cognitive abilities, or any speech and language test was excluded.
To match the boys with fragile X syndrome, Down syndrome, and those who were typically developing, we first examined the distributions of the Leiter ageequivalence scores for the three groups. To optimize the matching, and because we had a smaller group of boys with Down syndrome than boys with fragile X syndrome, we stratified the Down syndrome sample into three age ranges and randomly selected boys with fragile X syndrome and typically developing boys within those strata proportionately. This strategy resulted in three samples (fragile X syndrome, Down syndrome, and typically developing) with very similar distributions of nonverbal mental age. Table 1 describes the study participants and their backgrounds. All study protocols were approved annually by the School of Medicine's Institutional Review Board at the University of North Carolina at Chapel Hill. The child's parent or guardian provided informed consent at the time of the speech and language assessments.
Fragile X syndrome. Fifty boys with fragile X syndrome who ranged in chronological age from 3.2 years to 14.0 years (M = 8.4 years) participated in the study. All of the boys with fragile X syndrome were diagnosed with full mutation, which was confirmed by DNA analyses. Their mean age equivalent score on the Leiter was 4.5 years. The boys with fragile X syndrome were recruited from an ongoing longitudinal study of males with fragile X syndrome or referred from pediatricians' offices, genetic clinics, or developmental clinics in North Carolina, South Carolina, Virginia, Maryland, Florida, Delaware, New Jersey, Pennsylvania, and Georgia. Ninety percent of the males were Caucasian, 8% were African American, and 2% were other. The terminal education level was a high school degree for 30% of the mothers and 70% of the mothers had some college or a college degree. Down syndrome. Thirty-two boys with Down syndrome who ranged in chronological age from 4.3 years to 12.9 years (M = 7.3 years) were study participants. Parents had reported that the source of Down syndrome was Trisomy 21 for 31 of the boys and translocation for 1 boy. The mean age equivalent score on the Leiter Brief IQ Composite was 4.2 years. The boys with Down syndrome were recruited from pediatricians' offices, schools, genetic clinics, and developmental clinics in North Carolina, South Carolina, and Virginia. Eighty-four percent of the boys were Caucasian, 13% were African American, and 3% were other. Three percent of the mothers had less than a high school degree, 13% had a terminal education level of a high school degree, and 84% had some college or a college degree.
Typically developing males. There were 33 typically developing boys who were matched to the boys with fragile X syndrome and Down syndrome on developmental age (DA). The typically developing boys ranged in age from 2.1 years to 6.2 years (M = 4.2 years), with a mean score on the Leiter Brief IQ Composite of 4.5 years. The typically developing boys were recruited from pediatricians' offices, child care centers, and schools in North Carolina. Seventy-two percent of the boys were Caucasian, 19% were African American, and 9% were other. The terminal education level was a high school degree for 9% of the mothers, and 91% had some college or a college degree.
Speech Assessment
All study participants were administered the Goldman Fristoe Test of Articulation-Second Edition (GFTA-2; Goldman & Fristoe, 2000) Sounds-in-Words subtest. The GFTA-2 is designed to elicit single-word responses to stimulus pictures and measures the ability to produce all of the English consonants in the initial, medial, and final positions in common words. Very high levels of reliability (internal consistency = .94, test-retest reliability = .98, and interrater reliability = .91), adequate content validity (23 consonants and 16 blends), and adequate construct validity (developmental changes of the raw scores and the age levels for the consonants) are reported in the manual. Responses to the GFTA-2 were audiotaped using a portable digital auditory tape (DAT) TASCAM (DA-P1) recorder with a Shure WBH 53 headset microphone system. Responses were videotaped using a Sony (DCR-TVR27) Digital 8 camcorder. The boys' speech was transcribed by two trained speech-language pathologists (SLPs) using narrow transcription guidelines, as described in Shriberg and Kent (2003) .
Interobserver agreement was coded on 23% of the speech samples distributed across the three groups (14 boys with fragile X syndrome, 6 boys with Down syndrome, and 6 typically developing boys). Point-bypoint comparison of phonological units was made so that all cluster elements had to be the same for an agreement to be counted. The average percentage agreement between the two transcribers for broad transcription was 92.2% (range = 78.4%-98.8%; 92.4% for fragile X syndrome, 91.4% for Down syndrome, and 92.5% for typically developing). For narrow transcription, the average percentage agreement between two transcribers was 87.4% (range = 75.1%-95.2%; 87.4% for fragile X syndrome, 86.1% for Down syndrome, and 88.7% for typically developing).
For these analyses, we included only boys who had attempted at least 72 of the 77 consonant phonemes targeted on the GFTA-2. That is, the boys could be missing words as long as the total number of target consonants contained in those missing words was 5 or less. Speech data were entered onto the Profile of Phonology (PROPH) module of Computerized Profiling 9.5 software (Long, Fey, & Channell, 2003) . For these analyses, only five diacritics were entered onto PROPH: dentalized, lateralized, frictionalized, nasalized, and nasal emission. The Computerized Profiling software analyzes the phonetic and phonological structures of phonetic data obtained from a sample of speech. The software yields a comprehensive phonological Roid and Miller (1997) .
analysis, including consonant target analysis, accuracy of production statistics, phonetic inventory, and phonological process analysis.
Phonological Assessment
Phonological assessment included examining the boys' accuracy of consonant production, phonological processes, and approximation of phonological word structures. All of these measures were computed by Computerized Profiling 9.5 (Long et al., 2003) .
Accuracy of consonant production. The relative mastery of different consonant phonemes was examined using the percentage of consonants correct (PCC). PCC was computed as the number of correctly produced consonants divided by the total number of consonant targets. The PCC was developed for use with conversational speech (Shriberg & Kwiatkowski, 1982) and has also been applied to single words (Garrett & Moran, 1992; Masterson, Bernhardt, & Hofheinz, 2005) . Each element of a cluster counts separately and final /r/ is analyzed as a consonant (Shriberg & Kwiatkowski, 1982) . We examined the PCC for early-developing consonants (i.e., m, b, j, n, w, d, p, and h), middledeveloping consonants (i.e., t, ", k, g, f, v, % , and $) and later-developing consonants (i.e., # , q, s, z, !, l, r, and &; Shriberg, Austin, Lewis, McSweeny, & Wilson, 1997) .
For descriptive purposes, we also examined the total PCC for the early, middle, and late consonants when combined together. PCC derived from conversational speech samples has been shown to be a good overall index of speech severity and to be correlated with speech intelligibility (Shriberg & Kwiatkowski, 1982) . Garrett and Moran (1992) reported that PCC from single-word responses on an articulation test correlated highly with PCC in conversational speech samples (.83) and with measures of perceptual ratings of speech severity (.92-.94).
Phonological processes. Phonological processes, or regular patterns of simplification compared with an adult form, were analyzed. For each process, occurrences and opportunities were tallied, and the quotient of the two yielded a percentage of process use. Following the categorization of Grunwell (1987) , the percentage of use of three general categories of processes was examined: assimilation processes, syllable structure processes, and substitution processes. Assimilation processes result in changing a consonant to make it similar to another consonant elsewhere in the word. This category includes nasal assimilation and velar assimilation. Syllable structure processes cause changes in syllable and word shape and often result in the production of consonant-vowel syllables. This includes final consonant deletion, cluster reduction, reduplication, and syllable omissions or additions.
Substitution processes involve the substitution of one class of phonemes for another. This includes velar fronting, palatal fronting, early stopping, later stopping, consonant sensitive voicing, liquid simplification, cluster simplification, and fricative simplification. For each of the three general classes of phonological processes, we computed an overall score by averaging the percentages of the individual phonological processes composing each of these general categories. In addition, other phonological processes were examined descriptively and included the following: deaffrication, liquid deletion, backing of alveolars, glottal insertion, glottal substitution of stops, glottal substitution of fricatives-affricates, glottal substitution of liquidsglides and nasals, deletion of stops, deletion of fricatives, deletion of affricates, deletion of glides, deletion of nasal clusters, deletion of /s/ clusters, deletion of /r/ clusters, deletion of /l/ clusters, deletion of nasal clusters, fronting of velar clusters; lateralization of sibilants, and epenthesis. Definitions of phonological processes used in Computerized Profiling 9.5 are shown in the Appendix.
Proportion of whole-word proximity (PWP).
The PWP provides a phonological analysis of the whole word by focusing on the number of segments in a word produced by a child and the number of correct consonants (Ingram, 2002) . It is used to capture how well a child approximates a target word and may serve as an indirect measure of overall speech intelligibility (Ingram, 2002) . The PWP is calculated by summing the number of consonant and vowel segments in a word plus the number of correct consonants in that word. This number is divided by the total number of consonant and vowel segments and the number of consonants in the target word. For example, if a child produces the word lamp (3 consonants + 1 vowel + 3 consonants = 7) as wam (2 consonants + 1 vowel + 1 correct consonant = 4), he achieves a PWP of 4/7 = .57.
Analysis Strategy
Prior to the analyses, the three groups of boys were compared on mental age scores from the Leiter Brief IQ. An analysis of variance (ANOVA) indicated no significant differences by group, F(2, 112) = 1.65, p = .20. Additional data were examined both descriptively and inferentially. Means and standard deviations were computed on all measures for the boys with fragile X syndrome, Down syndrome, and those who were typically developing.
For the inferential analyses, three general areas of speech were examined: (a) percentage of consonants correct for early-, middle-, and late-developing consonants; (b) substitution phonological processes and syllable structure phonological processes; and (c) proportion of whole-word proximity. For phonological processes (as described in the Results section), assimilation processes occurred so infrequently that they could not be compared.
Other phonological processes that were not classified as syllable structure, substitution, or assimilation are detailed descriptively. Two repeated measures ANOVAs were used to assess the differences among diagnostic groups for the three levels of consonants correct and two types of phonological processes. Post hoc comparisons clarified where interactions between diagnostic group and type of process were significant. Last, an ANOVA was used to assess the differences between diagnostic groups on whole-word proximity. For the variables in the inferential analyses, effect sizes were computed as the difference between raw means divided by the pooled standard deviations and reported as Cohen's (1988) d.
Results
Percentage of Consonants Correct
We used a repeated measures ANOVA to determine if there were diagnostic group (fragile X syndrome, Down syndrome, typically developing) differences by consonant type on correct production of early-, middle-, and late-developing consonant sounds. The ANOVA produced a significant main effect for consonant type, F(2, 111) = 138.76, p G .0001); diagnostic group, F(6, 220) = 17.90, p G .0001; and the interaction between group and consonant type, F(4, 222) = 8.43, p G .0001. Post hoc one-way ANOVAs on each of the three dependent measures indicated significant diagnostic group differences on all three outcomes: Early consonants, F(2, 112) = 45.04, p G .0001; middle consonants, F(2, 112) = 47.07, p G .0001; and late consonants, F(2, 112) = 45.71, p G .0001. Post hoc single-degree-of-freedom comparisons between pairs of diagnostic groups for each level using Bonferroni t test (df = 1, 112, p G .05, critical t = 2.43) indicated that boys with Down syndrome consistently scored lower than boys with fragile X syndrome and typically developing mental-age-matched boys across all early, middle, and late consonants. The boys with fragile X syndrome were not significantly different from the typically developing mental-age-matched boys on early-, middle-, or latedeveloping consonants.
Next, we calculated Cohen's (1988) d for each of the contrasts tested. There were large effect sizes for boys with Down syndrome compared with boys with fragile X syndrome for the early (d = 1.33), middle (d = 1.48), and late (d = 1.21) developing consonant sounds. Similarly, there also were large effect sizes for boys with Down syndrome compared with the typically developing mental-age-matched boys for the early (d = 1.60), middle (d = 1.52), and late (d = 1.67) developing sounds. Figure 1 shows the means for early, middle, and late consonants. For early-developing consonants, boys with fragile X syndrome produced 91% of the consonants correctly, with Down syndrome produced 71% correct, and typically developing boys produced 95% correct. For middle-developing consonants, boys with fragile X syndrome produced 86% correct, boys with Down syndrome had 55% correct, and typically developing boys had 87% correct. For late-developing consonants, boys with fragile X syndrome produced 69% correct, boys with Down syndrome had 38% correct, and typically developing boys had 78% correct. Overall, across the three categories, boys with fragile X syndrome had 82% of the consonants correct, boys with Down syndrome had 54% correct, and typically developing boys had 87% correct.
Additionally, we conducted post hoc repeated measures ANOVAs on each diagnostic group to determine if the percentage of correct consonants produced differed by whether the consonants were early, middle, or late developing. For all three groups, early-developing consonants were produced correctly more often than middle-developing consonants, and middle-developing consonants were produced correctly more often than later-developing consonants: For fragile X syndrome, F(2, 48) = 44.88, p G .0001; Down syndrome, F(2, 30) = 87.83, p G .0001; and typically developing, F(2, 31) = 25.48, p G 0001.
Phonological Processes
Summary process variables. Two types of phonological processes, syllable structure and substitution, were compared statistically across the three mentalage-matched diagnostic groups (fragile X syndrome, Down syndrome, and typically developing boys). Assimilation processes occurred so infrequently (fragile X syndrome = 0.6%, Down syndrome = 2.7%, typically developing = 0.2%) that they could not be compared.
The repeated measures ANOVA on substitution processes and syllable structure processes by diagnostic group produced a significant main effect for type of process, F(1, 112) = 45.89, p G .0001; diagnostic group, F(4, 222) = 14.94, p G .0001; and the interaction of Type of Process Â Diagnostic Group, F(2, 112) = 6.77, p = .0017 [see Table 2 and Figure 2] ). A post hoc one-way ANOVA indicated that group differences were not significant for substitution processes, F(2, 112) = 2.77, p = .07). Boys with fragile X syndrome used substitution processes (13%) similarly to boys with Down syndrome (16.4%), and both of these groups were similar to the typically developing males (12.2%).
Significant differences were found for syllable structure processes, F(2, 112) = 33.21, p G .0001). Post hoc comparisons of means using a Bonferroni t test (df = 1, 112, p G .05, critical t = 2.43) indicated that boys with fragile X syndrome (5.0%) did not differ in their use of syllable structure processes compared with typically developing males (3.1%). However, boys with Down syndrome (15.1%) had a significantly higher percentage of syllable structure processes than did the boys with fragile X syndrome and the typically developing boys. There were large effect sizes on the syllable structure processes for boys with Down syndrome compared with the boys with fragile X syndrome (d = 1.24) and the typically developing boys (d = 1.48).
Post hoc analyses compared mean levels of substitution and syllable structure phonological processes within diagnostic group. Both boys with fragile X syndrome and typically developing boys had more substitution than syllable structure processes-fragile X syndrome, F(1, 49) = 79.24, p G .0001, and typically developing, F(1, 32) = 36.56, p G .0001-whereas levels between processes did not differ for boys with Down syndrome, F(1, 31) = 0.27, p = .607.
Individual phonological processes. Next, we examined the individual phonological processes that composed the syllable structure, substitution, and assimilation processes (see Table 2 ). No statistical tests were used to substantiate these descriptive comparisons, for three reasons. First, the comparisons were largely exploratory. Second, distributions of the variables were not normal and many had little or no variability at all. Third, although categorization of children on the basis of a 40% usage and having at least four exemplars of a process (as described below) eliminated distribution problems, it was a somewhat arbitrary cut off and produced a very large number of comparisons to make on relatively small samples.
By examining the mean percentages of syllable structure phonological processes, we discovered that cluster reduction was the most common syllable structure process, followed by final consonant deletions, and then syllable structure changes for all three diagnostic groups. To determine if only a few children were using these processes extensively or if many children used these processes occasionally, we assessed the proportion of children who demonstrated the process in more than 40% of the contexts and had at least four exemplars of a process. The decision to use a 40% criterion was based on the work of Hodson and Paden (1991) , who defined productive process as occurring when the process is exhibited in 40% or more of all possible opportunities. We chose the four-exemplar rule to be conservative in our decision as to when a process was productive. McReynolds and Elbert (1981) described a productive process when it had the opportunity to occur at least four times. (See Table 2 for the proportion of children in each group who used each syllable structure, substitution, and assimilation phonological process.)
For syllable structure processes, over half of the boys with Down syndrome exhibited cluster reduction productively compared with only 8% of the boys with fragile X syndrome and 9% of the typically developing Figure 2 . Percentage substitution, syllable structure, and assimilation phonological processes for the boys with fragile X syndrome, boys with Down syndrome, and typically developing boys.
boys. Final consonant deletions were exhibited by 12.5% of the boys with Down syndrome, whereas they were productive in only 2% of the boys with fragile X syndrome and in none of the typically developing males.
By examining the mean percentages of substitution phonological processes, we found that fricative simplification, cluster simplification, and liquid simplification occurred in all three groups. Also seen in boys with Down syndrome were velar fronting, palatal fronting, and later stopping. Next, we examined the proportion of children who demonstrated a process in more than 40% of the contexts and at least four exemplars of a substitution process. Cluster simplification was seen in 20% of the boys with fragile X syndrome and 16% of the boys with Down syndrome. For the typically developing boys, no process occurred in more than 10% of the boys. All of the assimilation processes occurred infrequently among the three groups.
Other phonological processes. Other phonological processes that were not classified as syllable structure, substitution, or assimilation are listed in Table 3 (means, standard deviations, and proportion of children using each process productively). For boys with fragile X syndrome and the typically developing boys, all of these phonological processes were rarely or never exhibited, on the basis of both the mean percentage of occurrence and the number of boys who exhibited that process in more than 40% of the opportunities and had four exemplars. In contrast, for the boys with Down syndrome, four of the processeslateralization of sibilants (18%), deaffrication (13%), deletion of nasals (18%), and deletion of liquids (20%)-were productive by a few of the boys. The last two of these processes occurred almost exclusively in the final position.
Whole-word proximity. Next, we compared scores on the mean PWP across the three diagnostic groups. The one-way ANOVA was significant, F(2, 112) = 54.28, p G .0001, and post hoc comparison of means using Bonferroni t test (df = 1, 112, p G .05, critical t = 2.43) indicated that there was no difference between the boys with fragile X syndrome (PWP = .90) and typically developing boys (PWP = .93; see Figure 3 ). The boys with Down syndrome had a significantly Table 3 . Means (SDs) for percentage of total responses that showed other phonological process and percentage of boys who used each phonological process productively (>40% of opportunities and Q4 times) for boys with fragile X syndrome, boys with Down syndrome, and typically developing boys. 
Discussion
In this study, we found that although boys with fragile X syndrome were delayed in their speech development, they did not differ from the typically developing mental-age-matched boys in their phonological accuracy and patterns of sound change, as assessed on a single-word articulation test. Phonemic inventories for boys with fragile X syndrome, as indexed by the percentage of early-, middle-, and latedeveloping consonants correct, occurrences of phonological processes, and measures of whole-word proximity, indicated development comparable with younger, typically developing boys and more advanced than boys with Down syndrome, who were matched on a nonverbal cognitive level. Boys with Down syndrome also were delayed in their speech development, but their phonemic inventories, occurrences of phonological processes, and proportion of whole-word proximity scores indicated greater delays in phonological development than the younger typically developing boys, as well as some developmental differences in their phonological development. There were considerable individual differences in phonological accuracy and patterns of sound change among both the boys with fragile X syndrome and the boys with Down syndrome. These results suggest that boys with fragile X syndrome display phonological characteristics similar to those of developmentally younger children, whereas boys with Down syndrome show greater delays relative to their mental age compared both with boys with fragile X syndrome and with typically developing boys. The boys with Down syndrome also show some developmental differences compared with typically developing boys.
The speech patterns on a single-word articulation test of boys with fragile X syndrome were similar to the speech patterns of younger typically developing mental-age-matched boys. Similar to the typically developing boys, the boys with fragile X syndrome had mastered, on average, most early-and middledeveloping consonants and about two thirds of the later-developing consonants and exhibited comparable maturity in their syllable and word shapes, as assessed by the whole-word proximity measure. The boys with fragile X syndrome also were similar to the typically developing boys in the use of phonological processes they exhibited. It is important to consider that we are describing overall patterns of phonological development among the boys with fragile X syndrome, and there were considerable individual differences in phonological accuracy and patterns of sound change. For example, one 9-year-old boy with fragile X syndrome had 86% of total consonants correct, achieved a .92 whole-word proximity score, and used substitution processes in 12% of the possible occurrences. In contrast, another 9-year-old boy with fragile X syndrome produced only 66% of his total consonants correct, achieved an .85 whole-word proximity score, and used substitution processes in 31% of the possible occurrences.
These data on speech development are consistent with the small number of studies of school-age and adult males with fragile X syndrome (Hansen et al., 1986; Palmer et al., 1988; Paul et al., 1984; Prouty et al., 1988) that have reported developmental errors in speech production at the single-word level. We found Figure 3 . Proportion whole-word proximity for the boys with fragile X syndrome, boys with Down syndrome, and typically developing boys. a number of consonant substitution and omission errors among the boys with fragile X syndrome, similar to earlier studies (Hansen et al., 1986; Madison et al., 1986; Palmer et al., 1988; Paul et al., 1984; Prouty et al., 1988) . Overall, however, the boys with fragile X syndrome in the present study did not exhibit the same phonological processes as reported by Paul et al., who reported the occurrence of unstressed syllable deletion, liquid simplification, final consonant deletion, and, occasionally, stopping.
The severity of speech delay was greater for the boys with Down syndrome on all measures compared with the boys with fragile X syndrome and the typically developing, mental-age-matched boys on both the general measures of speech (percentage of consonants correct and proportion of whole-word proximity) and specific measures of accuracy within sound classes (phonological processes). In contrast to the considerably higher proportions in the other two groups, the boys with Down syndrome mastered only about three quarters of the early-developing sounds, half of the middle-developing sounds, and little more than a third of the late-developing sounds. The score of .75 on wholeword proximity also was lower than the score of .90 by the boys with fragile X syndrome and .93 by the typically developing boys. This reflects both the lower accuracy in consonant production of the boys with Down syndrome and the fact that they had a greater tendency to omit consonant segments and entire syllables than the boys in the other two groups. As with the other groups, there were considerable individual differences in phonological accuracy and patterns of sound change among the boys with Down syndrome. For example, one 4-year-old boy with Down syndrome produced 71% of his total consonants correctly, achieved a .86 whole-word proximity score, and used syllable structure processes in 5% of the possible occurrences. Meanwhile, another 4-year-old boy with Down syndrome produced only 43% of total consonants correctly, achieved a .70 whole-word proximity score, and used syllable structure processes in 28% of the possible occurrences. Although boys with Down syndrome used many more syllable structure processes than substitution processes, these considerable individual differences in the speech of boys with Down syndrome could explain why this difference was not statistically significant.
The boys with Down syndrome were similar to both boys with fragile X syndrome and typically developing boys on overall substitution phonological processes, but they had considerably more syllable structure processes. Over half of the boys with Down syndrome exhibited cluster reductions, whereas fewer (13%) had final consonant deletion. For substitution phonological processes, 16% of the boys with Down syndrome exhibited cluster simplifications and none met the criteria for the assimilation processes. A few of the boys with Down syndrome also exhibited two less common phonological processes: deletion of nasals and lateralization of sibilants.
These data are generally consistent with descriptions of the speech development of young boys with Down syndrome, although we did find some differences. Similar to the work of Bleile and Schwartz (1984) and Stoel-Gammon (1980) , we found that boys with Down syndrome had delays in speech development, with more errors in the production of laterdeveloping sounds (e.g., fricatives, affricates, liquids) than early-developing sounds (e.g., stops, nasals, and glides). Similar to other researchers (Bleile & Schwartz, 1984; Dodd, 1976; Smith & Stoel-Gammon, 1983; Stoel-Gammon, 1980) , we found cluster reduction to occur often and deletion of final consonants, final nasals, and final liquids (vocalization) exhibited by some of the boys with Down syndrome. The processes of stopping and liquid simplification (also called gliding) have been reported in the literature as characteristic of children with Down syndrome (Bleile & Schwartz, 1984; Stoel-Gammon, 1980) . However, we found that liquid simplification rarely occurred among the boys with Down syndrome. For stopping, our results indicated that it is much more common with the late-mastered set of fricative target sounds (i.e., later stopping is greater than early stopping), does not occur in all individuals, and does not occur at a level of frequency that clearly establishes it as a productive phonological process (i.e., 40% and 4+ exemplars). We also did not find in our data frequent occurrence of prevocalic voicing or final consonant devoicing (analyzed in this study as the single-process voicing)/ devoicing processes that have been reported as common among individuals with Down syndrome (Bleile & Schwartz, 1984; Dodd, 1976; Smith & Stoel-Gammon, 1983; Stoel-Gammon, 1980) . Unlike the previous reports in the literature, we found that some boys with Down syndrome exhibited palatal fronting, fricative simplification, deaffrication, and lateralization of sibilants. Difficulty with palatal consonants may be important, as children with Down syndrome are known to have some lingual differences (e.g., macroglossia, hypotonicity; Leddy, 1999) . It is interesting that fricative simplification has not been reported as characteristic of individuals with Down syndrome, although this could be a case of process bleeding (i.e., children in the other studies may have been substituting stops for interdentals). If true, this suggests that the children in our study were slightly more phonologically mature, in that fricative simplification is a process eliminated later than stopping (Grunwell, 1987) . Lateralization of sibilants is a distortion error and, as such, does not represent a phonological error but a specific oral motor difficulty for which lingual difficulties could be the underlying factor. Overall, then, we found that although boys with Down syndrome had many of the same phonological processes as younger, typically developing boys, there were also differences in processes, as shown by both inferential and descriptive analysis, that suggest differences in the phonological development of young boys with Down syndrome. In an early study in the field, Dodd (1976) also reported that children with Down syndrome not only produced more phonological processes but produced more different types of processes than typically developing younger children.
The boys with Down syndrome generally reduced word shapes, occurring as a result of omitted syllables, reduced consonant clusters, and deletion of consonant singletons. The reduction of word shapes may particularly affect speech intelligibility (Hodson & Paden, 1991) . Although we did not measure speech intelligibility per se, the scores on the percentage consonants correct and proportion of whole-word proximity measures, as well as the individual phonological processes, suggest that the boys with fragile X syndrome were relatively intelligible at the single-word level, whereas the boys with Down syndrome were less intelligible than boys with fragile X syndrome or typically developing boys at the same developmental level.
Although we found many similar patterns to previous studies, it is important to consider possible explanations for the processes that the boys with fragile X syndrome and Down syndrome used in the current study that differed from processes used in previous studies. These differences may be attributable, in part, to how we defined the processes or the criteria we used for a process to be considered productive. In addition, differences in the current study compared with previous studies could have been due to the age of the participants or the selection criteria used in this study (which may have removed lower functioning children). Furthermore, differences in voicing could have been due to difficulty in achieving reliable transcription of voicing and devoicing errors (Shriberg & Kwiatkowski, 1980) . There are several strengths of this study. First, although there was a smaller sample of young boys with Down syndrome, a relatively large sample of young boys with fragile X syndrome participated in the study. Second, the boys with fragile X syndrome, boys with Down syndrome, and those boys who were typically developing were matched on mental age. Only through such developmental matches can specific phonological deficits associated with a particular syndrome be defined and whether the boys' phonological development follows the same progression as typically developing boys be determined. Third, the boys' phonological development was assessed using a range of more general and specific phonological measures and a carefully controlled system of transcription and computerized analysis.
There are also some limitations to these data that need to be considered. These limitations suggest future directions for research. First, only speech at the isolated word level for both boys with fragile X syndrome and boys with Down syndrome was examined. It is essential to examine connected speech to determine if different patterns of sound change are operating among boys with fragile X syndrome and boys with Down syndrome. Second, only segmental accuracy and patterns of sound change among the groups of boys were examined. Future research needs to study the nonsegmental characteristics of speech, such as prosody, rate, and fluency for both boys with fragile X syndrome and boys with Down syndrome. Third, consonants, but not vowels, at the single-word level were examined. It is possible that at the singleword level vowels may be differentially affected in the boys with fragile X syndrome or Down syndrome, and additional study is needed in this area. Fourth, study participants varied greatly in age, from 3 to 14 years for the boys with fragile X syndrome and 4 to 13 years for the boys with Down syndrome. There may be different patterns among the groups of boys that are related to age, and this calls for additional consideration. Fifth, we only examined speech at one point in time. Future research needs to examine the phonological development longitudinally to study how the speech development of boys with Down syndrome and fragile X syndrome changes over time. Sixth, although we did not find significant differences on late-developing consonants for boys with fragile X syndrome compared with typically developing boys, the size of the effect was .46, which is considered moderate (means for latedeveloping consonants were 69% for fragile X syndrome boys and 78% for typically developing boys) and might indicate a meaningful difference. Future studies should examine if specific sounds or phonological processes may be particularly difficult for boys with fragile X syndrome. Last, we did not present an explanatory model of the speech difficulties of boys with fragile X syndrome or Down syndrome. In future studies we will try to identify the factors, such as oral-motor difficulties that may contribute to these boys' poor speech intelligibility.
These data have some important implications for the phonological assessment of and intervention with young boys with fragile X syndrome and Down syndrome. First, for boys with fragile X syndrome, assessment at the single-word level should be similar to children with phonological disorders, focusing on the children's phonemic inventory, word shapes, and phonological processes (Smit, 2004) . For young boys with Down syndrome, the findings suggest the same plan of single-word assessment, paying particular attention to syllable structure processes such as syllable deletion, cluster reduction, and deletion of final consonants. To uncover these processes, it is important to gather a sample that includes a strong representation of consonant clusters and multisyllabic words with varying stress patterns when testing the single-word production of children with Down syndrome. If a commercially available articulation test is used, it is important to assess word-shape reductions. These data also suggest that speech intervention with boys with Down syndrome may need to focus more often on the establishment of ''syllableness,'' as described by Hodson and Paden (1991) . Boys with fragile X syndrome are more likely to show relatively intact syllable and word shapes, thereby allowing intervention to focus on substitution processes that are interfering with intelligibility. Clearly, given the wide individual differences in speech development among boys with fragile X syndrome as well as boys with Down syndrome, each child should receive an assessment of a broad range of phonological skills at the isolated word level as well as in continuous speech. There should also be examination of related factors, such as the child's oral motor skill, verbal memory, and auditory perceptual skills.
In summary, these results indicate that the phonological characteristics in isolated words of boys with fragile X syndrome are similar to those of typically developing younger boys and suggest a phonological delay at the isolated word level. Boys with Down syndrome were also delayed in their speech development but had greater delays in their phonological development relative to mental age than the boys with fragile X syndrome and the younger typically developing boys, as well as some developmental differences in their phonological development. These data illustrate the importance of having a typically developing comparison group and another syndrome group to define the speech characteristics of individuals with a particular syndrome. Future research needs to examine longitudinally the phonological development of boys with fragile X syndrome and boys with Down syndrome, study their phonological accuracy and patterns of error in connected speech, and determine whether nonsegmental factors are affecting their speech intelligibility.
Appendix. Definitions of phonological processes (as used in computerized profiling 9.5 a ) and opportunities for their occurrence in PROPH. Note. PROPH = Profile of Phonology of Computerized Profiling 9.5 (Long, Fey, & Channell, 2003) .
